Purpose In contrast to most other mammals, canine oocytes are ovulated in an immature state and undergo oocyte maturation within the oviduct during the estrus stage. The aim of the study was to investigate whether oviduct cells from the estrus stage affect the maturation of oocytes and show gene expression patterns related to oocyte maturation. Methods We analyzed MAPK1/3, SMAD2/3, and BMP6/15 expression in oviduct cells, cumulus cells, and oocytes from anestrus, estrus, and diestrus stages. Next, we investigated the effect of co-culture with oviduct cells derived from the estrus stage upon in vitro maturation (IVM) of canine oocytes. Results There was significantly higher MAPK1/3 (1.42 ± 0.02 and 2.23 ± 0.06), SMAD2/3 (0.77 ± 0.03 and 2.39 ± 0.07), and BMP15 (2.21 ± 0.16) expression in oviduct cells at the estrus stage (P < 0.05). In cumulus cells, MAPK1 (1.26 ± 0.07), SMAD2/3 (0.82 ± 0.01, 1.04 ± 0.01), and BMP6 (13.09 ± 0.11) expression was significantly higher in the estrus stage (P < 0.05). In oocytes, significant upregulation of MAPK1/3 (14,960 ± 3121 and 1668 ± 253.4), SMAD3 (774.6 ± 79.62), and BMP6 (8500 ± 895.4) expression was found in the estrus stage (P < 0.05). After 72 h of IVM culture, a significantly higher maturation rate was observed in oocytes co-cultured with oviduct cells (10.0 ± 1.5%) than in the control group (3.2 ± 1.4%). Conclusions We demonstrate that oviduct cells at the estrus stage highly expressed MAPK1/3, SMAD2/3, and BMP15. Furthermore, canine oviduct cells from the estrus stage enhance the culture environment for canine oocyte maturation.
Introduction
The application of assisted reproductive technology has been beneficial in many mammalian species for which techniques such as in vitro maturation (IVM) of oocytes or in vitro culture (IVC) of embryos are available [1] . In dogs, however, IVM and IVC are not well established because of the unique reproductive characteristics of this species. In most mammals, oocyte maturation occurs within the ovarian follicle, and then the mature oocytes are ovulated and fertilized within the oviduct. However, canine oocytes are ovulated at an immature state that requires a further 48 to 72 h for completion of meiosis within the oviduct [2, 3] before they undergo fertilization and begin early embryo development. Because of this unique reproductive physiology characteristic and the paucity of information concerning factors regulating postovulatory oocyte maturation, the efficiency of canine IVM is low.
In order to improve canine IVM efficiency, various experiments have been performed. For example, oviduct cells were harvested from bitches regardless of their estrous cycle stages for co-culture in a modified tissue culture medium supplemented with bovine serum albumin (BSA), but a rate of only 9% metaphase I (MI)/anaphase I (AI)/metaphase II (MII) was Electronic supplementary material The online version of this article (doi:10.1007/s10815-017-0910-x) contains supplementary material, which is available to authorized users.
observed [4] . Also, various kinds of gonadotropins such as follicle-stimulating hormone (FSH) and luteinizing hormone (LH) or estradiol-17β and epidermal growth factors (EGF) were added, which significantly increased the MII rate, up to 7.2% compared with controls [5] [6] [7] . In addition, the canine fibroblasts [8] or granulosa cells [9] were used for co-culture and the MII rate was again significantly increased, up to 11%. Despite these efforts, the efficacy of IVM is still much lower compared with other animals, such as mice (68.3%), pig (87.8%), and cattle (79.2%) [10] [11] [12] .
This low efficiency may be due to an insufficient understanding of the cellular signaling pathways or gene expression that occurs during canine oocyte maturation. The roles of mitogen-activated protein kinases (MAPKs) in oogenesis, particularly those involved in meiosis progression, have been examined in several studies. For example, MAPK is required for resumption of meiosis in rat cumulus-oocyte complexes (COCs) [13] . Furthermore, by knocking out MAPK1/3 activities in mice, poorly assembled MII spindles were observed [14] , which indicates that MAPK1/3 activities are required for meiotic maturation. In addition, a study showed that inhibiting SMAD2/3 signaling disrupted oocyte-to-cumulus communication and severely reduced the inner cell mass in blastocysts derived from oocytes matured in the presence of SMAD2/3 inhibitors, which indicates that communication between the oocyte and cumulus via SMAD2/3 is essential to allow exchange of factors needed for oocyte development [15] . Also, bone morphogenetic proteins 6/15 (BMP6/15) are oocyte-secreted factors that play a crucial role in regulating ovarian follicular development. It has been proved that when COCs were treated with increasing doses of BMP6/15, their apoptotic level was significantly decreased [16] . Likewise, a number of studies have revealed that activation of MAPK1/3, SMAD2/3, and BMP6/15 plays a key role in oocyte maturation by actions on granulosa and cumulus cells in other mammals [17, 18] . However, no systematic research for these genes has been performed to identify the role of granulosa and cumulus cells and oviduct cells in dog.
Accordingly, we analyzed the oocyte maturation-related genes in canine cumulus cells, oocytes, and oviduct cells. Because the canine oocytes have completed the maturation process within the oviduct, we hypothesized that genes related to oocyte maturation might be expressed in canine oviduct cells from the estrus stage. The aim of the present study was to evaluate (1) the expression patterns of MAPK1, MAPK3, SMAD2, SMAD3, BMP6, and BMP15 in cumulus cells, oocytes, and oviduct cells derived from anestrus, estrus, and diestrus stages of the estrus cycles in dogs and (2) the effects of co-culture of canine COCs with the cells in which these genes are highly expressed during IVM on canine nuclear maturation.
Material and methods

Animal use in experiments
In this study, 1-to 3-year-old mixed breed bitches were used for collection of oviduct cells, cumulus cells, and oocytes. In order to collect these cells, we used four bitches in the anestrus stage, eight bitches in the estrus stage, and three bitches in the diestrus stage. Additionally, in order to collect cumulus cells surrounding in vivo matured oocytes (mature cumulus cells, MCCs), nine dogs in the estrus stage were used. In order to study IVM, three bitches in the estrus stage were used to collect immature oocytes. All experiments and studies were conducted in accordance with recommendations described in BThe Guide for the Care and Use of Laboratory Animalsp ublished by the Institutional Animal Care and Use Committee of Seoul National University (approval number: SNU-140704-1). In this respect, dog care facilities and the procedures performed met or exceeded the standards established by the Committee for Accreditation of Laboratory Animal Care at Seoul National University.
Determination of estrous cycle stage
The estrous cycle was divided into anestrus, estrus, and diestrus stages. To determine the specific stage of the cycle, we evaluated daily basal progesterone (P4) concentrations and vaginal cytology. In order to measure these parameters, samples were collected every day from the bitches for 3 to 7 days. Blood was collected by cephalic venipuncture and allowed it to clot. After centrifuging it at 1960g for 10 min, the serum was aspirated. The P4 level was immediately measured with a DSL-3900 Active P4 Coated-Tube Radioimmunoassay Kit (Diagnostic Systems Laboratories, Inc., Webster, TX, USA) and classified as anestrus (<1 ng/mL), estrus (4 to 10 ng/mL), or diestrus (15 to 80 ng/mL) stage [19, 20] . The vaginal smears were performed using sterilized swabs. Smears were obtained by inserting a sterile swab into the lips of the vulva, and then the swab was rolled on a glass slide. After staining the slide using a Diff-Quik ® kit (International Reagents Corp., Kobe, Japan), it was examined (Supplementary material 1) [21] .
Collection of immature oocytes and cumulus cells
Canine oocytes and cumulus cells were obtained by ovariohysterectomy (OHE) as previously described [22] . Briefly, anesthesia was induced with 6 mg/kg ketamine HCl and 1 mg/kg xylazine, and general anesthesia was maintained with 2% isoflurane. While in dorsal recumbency, bitches were aseptically prepared for surgery, and a midline ventral incision was made to expose the reproductive tract for ovary collection. The duration of surgery was kept to between 30 and 40 min, and the actual time taken was recorded. Canine ovaries were transported to the laboratory within 1 h at 37°C in saline. COCs were obtained as previously described [23] . In brief, ovaries were washed several times with phosphatebuffered saline (PBS; Invitrogen, Carlsbad, CA, USA) and minced with a surgical blade in HEPES-buffered tissue culture medium 199 (TCM-199; Invitrogen, Carlsbad, CA, USA) supplemented with 2 mmol/L NaHCO 3 , 5 mg/mL bovine serum albumin, and 1% penicillin-streptomycin. Then, COCs with more than two layers of cumulus cells and with homogeneous cytoplasm >100 μM in diameter were selected [23, 24] . In order to separate cumulus cells and immature oocytes, the COCs were denuded by vortexing in 0.1% (w/v) hyaluronidase. After vortexing, the denuded oocytes were stored at −80°C before use for RNA extraction and cumulus cells were cultured up to passage 2 in RCMEP (Stem Cell Research Center, Biostar, Seoul, Republic of Korea) containing 0.2 mmol/L ascorbic acid, 0.09 mmol/L calcium, 5 ng/mL EGF, and 5% fetal bovine serum (FBS) [25] . When the samples had reached about 100% confluency, they were harvested and centrifuged at 1500 rpm for 2 min. After removing the supernatant, cell pellets were stored at −80°C until used for RNA extraction.
Collection and culture of oviduct cells
Oviduct cells were retrieved from anesthetized females following the slight oviduct flushing method [26] . Briefly, through an ovarian bursal slit, a cannula consisting of an inverted flanged bulb needle, mounted on an empty sterilized 10 mL syringe without the plunger, was inserted into the oviduct to its end. Then, a fine hypodermic needle (24 gauge) filled with 10 mL of sterilized normal saline was cannulated into just above the uterotubal junction at the base of the oviductal canal, and finally, oviduct cells were collected by retrograde flushing with appropriate pressure. The flushing medium containing oviduct cells was transported to the laboratory within 30 min. Then, the flushing medium was centrifuged at 1960g for 2 min and the supernatant was removed. Thereafter, 3 mL of RCMEP medium was added to the tube and centrifuged at 1960g for 2 min, and then cells were resuspended in the RCMEP medium. The oviduct cells were cultured following the same protocol for cumulus cells as described above.
Total RNA extraction and complementary DNA synthesis Total RNA was extracted from 2 × 10 6 cells/mL oviduct cells, 2 × 10 6 cells/mL cumulus cells, and 300 oocytes derived from each of the three estrous cycle stages (anestrus, estrus, and diestrus) using the Easy-spin™ (DNAfree) Total RNA Extraction Kit (iNtRON Biotechnology, Inc., Kyunggi, Republic of Korea) following the manufacturer's instructions. Total RNA from all samples was eluted according to the manufacturer's protocol (iNtRON Biotechnology, Inc.). Total RNA concentration was measured using spectrophotometry (NanoDrop 2000, Thermo Fisher Scientific, Inc., Waltham, MA, USA), and samples were immediately stored at −80°C until complementary DNA (cDNA) synthesis. Total RNA was reverse transcribed into cDNA using amfiRivert II cDNA Synthesis Premix (GenDEPOT, Barker, TX, USA) according to the manufacturer's instructions.
Real-time PCR
The primers for MAPK1, MAPK3, SMAD2, SMAD3, BMP6, BMP15, and β-actin genes were designed from sequences of canine genes obtained from NCBI; all primer sequences were standardized using a standard curve and are listed in Table 1 . Real-time PCR was performed using an ABI 7 300 Real-Time PCR System (Ap plied Biosystems, Forest City, CA, USA) according to the manufacturer's instructions with minor modification. The total volume PCR reaction mixture was 20 μL in a real-time PCR plate (MicroAmp optical 96-well reaction plate, Singapore), and the mixture was composed of 2 μL cDNA, 0.4 μL forward primer, 0.4 μL reverse primer, 10 μL SYBR Green interaction dye (Takara Bio USA, Inc., Mountain View, CA, USA), and 7.2 μL diethyl pyrocarbonate water. For each sample, a typing result was considered valid where (1) an amplification curve with a crossing point of less than 35 cycles was observed upon quantification analysis and (2) melting peaks of 75-85°C were observed during analysis. The thermal program consisted of an initial denaturation step of 94°C for 10 min followed by 40 cycles of 95°C for 15 s, annealing for 1 min at 60°C, and extension for 1 min at 72°C. For relative analysis of gene expression, MCCs were used as a reference sample. The mature COCs were collected as described in previous reports [27, 28] , and the MCCs were separated from COCs by repeated pipetting in 0.1% (v/v) hyaluronidase. All samples were prepared in three replications using real-time PCR.
In vitro maturation
For IVM, ovaries were obtained from estrus stage bitches by OHE and immature COCs were collected from the ovaries following the same protocol as described above. The COCs were cultured in an IVM medium comprising tissue culture medium 199 supplemented with 10 ng/mL EGF, 100 nM cysteamine, 0.9 mM sodium pyruvate, 1 0 % F B S , 5 n g / m L F S H , a n d 1 n g / m L 1 7 -β -estradiol in 12-well plates at 39°C in a humidified atmosphere of 5% CO 2 . In order to perform the co-culture experiment, canine oviduct cells were used when they had reached about 70% confluence in 12-well plates (Falcon, Becton Dickinson Ltd., Plymouth, UK) with the RCMEP medium. The medium was replaced with the IVM medium when co-culture was performed. The 12-well plates were supported with 1.0 μm Transwell polyester membrane inserts (Corning, Inc., Pittston, PA, USA) to produce an environment similar to that in in vivo state as closely as possible [29] for 72 h at 39°C in a humidified atmosphere of 5% CO 2 in the IVM medium. The intercellular distance for communication was approximately 2 mm [29] . The COCs were randomly allocated among canine oviduct cell co-culture groups in Transwell polyester membrane inserts or cultured in the IVM medium only (control group). The control group was maintained under the same conditions as the co-culture groups except it was cultured without supporting canine oviduct cells.
Evaluation of oocyte maturation
At the end of IVM, the COCs were denuded with 0.1% hyaluronidase by gentle pipetting and the denuded oocytes were fixed in 4% formaldehyde solution. For assessing in vitro maturation, oocytes were stained with 5 μg/mL Hoechst 33342 for 10 min. The stained oocytes were mounted on a glass slide with a 100% of glycerol drops. The chromatin state and position of nucleus were assessed under a stereomicroscope with UV light to determine the meiotic stages as previously described [30] , and oocytes with an extruded first polar body representing the MII stage were identified as shown in Fig. 4 . Also, the comparison of messenger RNA (mRNA) expression in oviduct cells, cumulus cells, and oocytes between the co-culture and the control groups would be helpful to evaluate the oocyte maturation.
Statistical analysis
Data for comparative gene expression were analyzed by one-way ANOVA followed by Tukey's multiple comparison test, and an unpaired t test was used for statistical analysis of the in vitro maturation rate. All data were analyzed with GraphPad Prism 5.0 (GraphPad, San Diego, CA, USA), and differences of P < 0.05 were considered significant.
Results
Gene expression of MAPK1, MAPK3, SMAD2, SMAD3, BMP6, and BMP15 in oviduct cells during anestrus, estrus, and diestrus stages MAPK1 and MAPK3 in oviduct cells (OCs) showed the highest expression in the estrus stage (1.42 ± 0.02 and 2.23 ± 0.06, P < 0.05, Fig. 1a, b ) compared with the other two stages. There was significant upregulation of SMAD2 and SMAD3 expression in OCs at the estrus stage (0.77 ± 0.03 and 2.39 ± 0.07, P < 0.05, Fig. 1c, d ). While expression of BMP6 in OCs was significantly increased at the diestrus stage (Fig. 1e) , BMP15 gene expression was highest in OCs at the estrus stage (2.21 ± 0.16, P < 0.05, Fig. 1f ).
Gene expression of MAPK1, MAPK3, SMAD2, SMAD3, BMP6, and BMP15 in cumulus cells during anestrus, estrus, and diestrus stages Cumulus cells (CCs) showed the highest MAPK1 expression at the estrus stage (1.26 ± 0.07, P < 0.05, Fig. 2a ), while MAPK3 expression was highest in the diestrus stage (1.61 ± 0.10, P < 0.05, Fig. 2b ). SMAD2 and SMAD3 expression in CCs was significantly higher at the estrus stage (0.82 ± 0.01, 1.04 ± 0.01, P < 0.05, Fig. 2c, d ). BMP6 expression in CCs was significantly upregulated in the estrus stage (13.09 ± 0.11, P < 0.05, Fig. 2e ), while BMP15 expression showed the highest level at the anestrus stage (Fig. 2f) .
Gene expression of MAPK1, MAPK3, SMAD2, SMAD3, BMP6, and BMP15 in immature oocytes during anestrus, estrus, and diestrus stages
Gene expression of both MAPK1 and MAPK3 in immature oocytes (OOs) was significantly upregulated in the estrus stage (14,960 ± 3,121 and 1,668 ± 253.4, P < 0.05, Fig. 3a,  b) , similar to SMAD3 (774.6 ± 79.62, P < 0.05, Fig. 3d ). However, OOs did not show significant differences in SMAD2 expression among the three stages (Fig. 3c ). There was a significantly higher gene expression of BMP6 (8,500 ± 895.4, P < 0.05)in the estrus stage, but no difference was observed between estrus and diestrus stages for BMP15 (Fig. 3e, f) .
Effect of co-culture with canine oviduct cells on nuclear maturation of canine oocytes
As shown in Table 2 , the GV rate was significantly lower in oocytes co-cultured with canine oviduct cells (32.5 ± 3.1%) compared to that of the control group (70.5 ± 4.7%). The frequency of MI stage in the co-culture group was higher than that in the control group (46.7 ± 7.1 vs. 22.1 ± 4.9%; P < 0.05). Moreover, oocytes matured in co-culture with oviduct cells yielded a higher maturation rate to MII (10.0 ± 1.5%) compared to the control group (3.2 ± 1.4%).
Discussion
Fully grown oocytes within the ovarian follicles are surrounded by specialized granulosa cells, namely cumulus cells, to form COCs [31] . In most mammals, the COCs surrounded by granulosa cells and cumulus cells undergo maturation in pre-ovulatory follicles and ovulation occurs following LH surge. Those granulosa cells and cumulus cells support the oocyte meiotic resumption with the activation of MAPK1/ 3 and SMAD2/3 signaling pathways. Although canine COCs are surrounded by several layers of cumulus cells, nuclear maturation is completed within the mid-portion of the oviduct. Thus, the oviduct cells could potentially affect oocyte maturation as well as cumulus cells [32] . Here, we hypothesized that genes related to oocyte maturation would be highly expressed in oviduct cells or cumulus cells at the estrus stage compared to other stages, and the cell with high expressed genes would affect oocyte nuclear resumption during IVM of canine COCs. The present study attempted to clarify the gene expression patterns related to oocyte maturation in canine oviduct cells, cumulus cells, and immature oocytes relative to different estrous cycle stages. Based on the hypothesis, we first analyzed MAPK1/3 in oviduct cells, cumulus cells, and immature oocytes derived Fig. 3 The relative mRNA expression of MAPK1, MAPK3, SMAD2, SMAD3, BMP6, and BMP15 standardized with mRNA expression of beta-actin in oocytes (OOs) during the anestrus, estrus, and diestrus stages. Gene expression of MAPK1 and MAPK3 in OOs during the estrus cycle (a, b). Gene expression of SMAD2 and SMAD3 in OOs during the estrus cycle (c, d). Gene expression of BMP6 and BMP15 in OOs during the estrus cycle (e, f). Different superscripts (a-b) represent significant differences among groups (P < 0.05). AN OO oocytes in anestrus stage, ES OO oocytes in estrus stage, DI OO oocytes in diestrus stage from different estrous cycle stages. A number of studies have demonstrated that MAPK plays a necessary role in the regulation of meiotic cell cycle progression in oocytes [33] . MAPK1/ 3 (also commonly known as ERK1/2) is known to be activated by gonadotropins in granulosa and cumulus cells. The increased activation of MAPK in granulosa and cumulus cells stimulates the synthesis of specific proteins that is capable of inducing oocyte meiotic resumption [34, 35] . In the present study, the highest mRNA expression of MAPK1/3 was shown in OCs and OOs from the estrus stage. However, CCs showed high expression of MAPK1 during the estrus stage, while MAPK3 was highly expressed in the diestrus stage. Thus, we suggested that remarkable expression of MAPK1 and MAPK3 in OCs from the estrus stage could affect the meiotic resumption of canine oocytes.
With this in mind, we next investigated the expression of BMPs which plays an essential role in follicular growth and cumulus expansion [36] in canine OOs, CCs, and OCs from three estrous cycle stages. In particular, BMP6 and BMP15 are oocyte-secreted factors which play a crucial role in regulating ovarian follicular development and mammalian reproduction in general [37] . These factors are involved in the BMP pathway and activate the SMAD signaling pathway through binding with the BMP receptors in COCs. BMP6, part of the TGF-β superfamily, plays a critical role in ovarian function and fertility through bidirectional communication between granulosa cells and oocytes [38] . To date, very few studies have investigated effects of BMP6 on mammalian oocytes and embryos; however, recent research demonstrated that treatment of the culture medium with BMP6 enhanced the maturation rate of oocytes and developmental competence of embryos [39] . We demonstrated that BMP6 expression was markedly increased in CCs and OOs derived from the estrus stage, while OCs showed significantly high gene expression [40, 41] . In the present study, BMP15 was expressed in canine oocytes from three estrus cycle stages. Interestingly, OCs showed the highest expression of BMP15 in the estrus stage, while CCs had a marked upregulation of BMP15 in the anestrus stage. Based on the report on pigs, BMP15 which is expressed in granulosa and theca cells as well as oocytes would stimulate the development of pre-ovulatory follicles [42] . Therefore, the present study confirmed that the BMP6/15 was expressed not only from canine oocyte but also from canine oviduct cells and cumulus cells in the estrus stage. We suggested that the high expression of BMP15 in OCs from the estrus stage would support the expansion of canine cumulus cells. The TGF-β superfamily including BMP6/15 mediated the activation of SMAD families which plays a key role in follicular development and oocyte maturation [43, 44] . Next, we investigated the expression of SMAD2/3 regulated by BMPs in canine OOs , CCs, and OCs from different estrous cycle stages. Recent studies demonstrated that SMAD2/3 activationenhancedcumulus expansion, which protects the oocyte from subsequent mechanical and enzymatic stresses during growth, while deletion of SMAD2/3 causes defective expansion of cumulus cells [45, 46] . In the present study, the mRNA expression of SMAD2/3 was significantly upregulated in OCs and CCs derived from the estrus stage. The OOs showed high mRNA expression of SMAD3 during the estrus stage, while no significant differences were observed in SMAD2 expression among estrous cycle stages. We suggested that the highest expression of SMAD2/3 in OCs from the estrus stage might affect oocyte nuclear maturation by supporting cumulus expansion.
Finally, we found that the oviduct cells from the estrus stage exhibit high gene expression of MAPK1/3, SMAD2/3, and BMP15. Based on these results, we hypothesized that coculture with oviduct cells from the estrus stage during IVM could affect oocyte nuclear maturation in dogs. Our results achieved a higher meiotic resumption rate to MI (46.7%) and MII (10.0%) stages by co-culturing with canine oviduct cells from the estrus stage compared with those of control groups. In other species, it has been proposed that oocytes co-cultured with oviduct cells yielded a higher number of blastocysts, with higher numbers of blastocyst cells [47] . Also, co-culture with oviduct cells for in vitro fertilization increased the proportion of porcine oocytes reaching the two pronucleus stages and decreased the rate of polyspermy compared with controls [48] . In other canine IVM studies, the use of oviduct cells for co-culture with oocytes increased the nuclear resumption rate (3% on MI/AI/MII rate) [4] , while higher maturation rate was achieved in the present study by co-culturing with oviduct cells (56.7% on MI/MII rate) (Fig. 4) . We assumed that our study used oviduct cells from the estrus stage, showing upregulated gene expressions of MAPK1/3, SMAD2/3, and BMP15, and this would give a beneficial effect on canine IVM. Moreover, the Transwell coculture system that we applied in this study produced an environment similar to that in in vivo state by permitting cells to secrete molecules to oocytes and this might improve the canine oocyte maturation.
In conclusion, for the first time to our knowledge, oocyte maturation-related gene expression was analyzed in oviduct cells, cumulus cells, and immature oocytes derived from the three estrous cycle stages. The present study demonstrated that oviduct cells in the estrus stage showed high gene expressions of MAPK1/3, SMAD2/3, and BMP15 related to canine oocyte maturation and improved canine oocyte nuclear maturation during IVM. These outcomes will support a key clue for understanding of the cellular signaling pathways or gene expression that occurs during canine oocyte maturation, and the oviduct cells in the estrus stage could be a useful tool for canine IVM. A further study is needed to determine the relationship between gene expression levels of those genes from canine oviduct cells and oocyte after co-culture.
